The actin homolog MreB contributes to bacterial cell shape. Here, we explore the role of the coexpressed MreC protein in Caulobacter and show that it forms a periplasmic spiral that is out of phase with the cytoplasmic MreB spiral. Both mreB and mreC are essential, and depletion of either protein results in a similar cell shape defect. MreB forms dynamic spirals in MreC-depleted cells, and MreC localizes helically in the presence of the MreB-inhibitor A22, indicating that each protein can form a spiral independently of the other. We show that the peptidoglycan transpeptidase Pbp2 also forms a helical pattern that partially colocalizes with MreC but not MreB. Perturbing either MreB (with A22) or MreC (with depletion) causes GFP-Pbp2 to mislocalize to the division plane, indicating that each is necessary but not sufficient to generate a helical Pbp2 pattern. We show that it is the division process that draws Pbp2 to midcell in the absence of MreB's regulation, because cells depleted of the tubulin homolog FtsZ maintain a helical Pbp2 localization in the presence of A22. By developing and employing a previously uncharacterized computational method for quantitating shape variance, we find that a FtsZ depletion can also partially rescue the A22-induced shape deformation. We conclude that MreB and MreC form spatially distinct and independently localized spirals and propose that MreB inhibits division plane localization of Pbp2, whereas MreC promotes lengthwise localization of Pbp2; together these two mechanism ensure a helical localization of Pbp2 and, thereby, the maintenance of proper cell morphology in Caulobacter.
The actin homolog MreB contributes to bacterial cell shape. Here, we explore the role of the coexpressed MreC protein in Caulobacter and show that it forms a periplasmic spiral that is out of phase with the cytoplasmic MreB spiral. Both mreB and mreC are essential, and depletion of either protein results in a similar cell shape defect. MreB forms dynamic spirals in MreC-depleted cells, and MreC localizes helically in the presence of the MreB-inhibitor A22, indicating that each protein can form a spiral independently of the other. We show that the peptidoglycan transpeptidase Pbp2 also forms a helical pattern that partially colocalizes with MreC but not MreB. Perturbing either MreB (with A22) or MreC (with depletion) causes GFP-Pbp2 to mislocalize to the division plane, indicating that each is necessary but not sufficient to generate a helical Pbp2 pattern. We show that it is the division process that draws Pbp2 to midcell in the absence of MreB's regulation, because cells depleted of the tubulin homolog FtsZ maintain a helical Pbp2 localization in the presence of A22. By developing and employing a previously uncharacterized computational method for quantitating shape variance, we find that a FtsZ depletion can also partially rescue the A22-induced shape deformation. We conclude that MreB and MreC form spatially distinct and independently localized spirals and propose that MreB inhibits division plane localization of Pbp2, whereas MreC promotes lengthwise localization of Pbp2; together these two mechanism ensure a helical localization of Pbp2 and, thereby, the maintenance of proper cell morphology in Caulobacter.
actin ͉ MreB ͉ MreC ͉ Pbp2 P rokaryotes exhibit a wide variety of cell shapes (including rods, spheres, spirals, squares, and stars), but the mechanisms by which these shapes are achieved are poorly understood. The extracellular peptidoglycan layer provides structural rigidity for bacterial cells and is of central importance in the establishment and maintenance of cell shape (1, 2) . This layer is a meshwork of disaccharide chains (alternating N-acetylglucosamine and N-acetylmuramic acid sugars) cross-linked by short peptide bridges. Rod-shaped bacteria are believed to possess two peptidoglycan synthesis complexes with distinct activities: one for elongation along the cell length and the other for cell division (1, 3, 4) . It is thought that maintenance of a regular rod shape requires the activities of these two complexes to be carefully balanced (3) .
The bacterial cytoskeleton also plays a role in the establishment and maintenance of cell shape (2) . Homologs for the three major types of eukaryotic cytoskeletal elements have been identified in bacteria: the actin homolog is MreB, the tubulin homolog, FtsZ, and the intermediate filament homolog, Crescentin (5) . Of these known cytoskeletal elements, MreB is the only one required to establish an underlying rod-like character. Mutations in mreB confer a spherical-like morphology to the normally rod-like cells of Escherichia coli, Bacillus subtilis, and Caulobacter (6-13). Additionally, there is a striking phylogenetic correlation: most species that possess an mreB-like gene have nonspherical shapes (11) .
MreB-like proteins appear to influence morphology by regulating the site of peptidoglycan synthesis. Fluorescently tagged vancomycin labels sites of new peptidoglycan assembly by binding the D-ala-D-ala ends of nascent peptidoglycan subunits (before crosslinking by a transpeptidase) (14) . In B. subtilis, insertion of precursors was found to occur both at the division plane and in a helical pattern along the perimeter (14) . A deletion of the mreB-like gene, mbl, disrupted the helical, but not the septal, insertion of peptidoglycan precursors. MreB homologs are known to form helices in E. coli, B. subtilis, and Caulobacter (11) (12) (13) (15) (16) (17) (18) . Therefore, a reasonable hypothesis is that MreB ensures a helical pattern of cell wall growth during elongation by directly positioning the peptidoglycan precursors along its own spiral scaffold; however, there is not yet any direct evidence for an interaction between the peptidoglycan (or any of its modifying enzymes) and MreB.
MreB is thought to act with the coexpressed MreC protein to regulate cell shape (10, 19, 20) . MreC resides primarily external to the cytoplasmic membrane, anchored by a single transmembrane domain near the N terminus (19) . In most bacteria, mreB is in an operon with mreC, and disruptions of mreC in E. coli and B. subtilis confer the same spherical morphology as disruptions in mreB (10, 21, 22) . In B. subtilis, MreC adopts a spiral localization and is required for the helical distribution of peptidoglycan precursors (20) .
Here, we explore the in vivo spatial and temporal organization of components of the mre operon (Fig. 1A) to better understand how the actin cytoskeleton of bacteria contributes to cell shape. We have focused our investigation on Caulobacter crescentus, in which events of the cell cycle can be easily followed and the dynamics and functions of MreB have been relatively well studied (12, 13, 23, 24) . Caulobacter has a unique life cycle: it begins as a motile ''swarmer'' cell, differentiates into a stalked cell (shedding the flagellum and growing an appendage called the ''stalk''), and then divides asymmetrically to produce one swarmer cell and one stalked cell (25) .
We demonstrate that MreC localizes to a spiral that does not overlap with the MreB spiral and does not require MreB activity to form. We also find that Pbp2 (a homolog of the E. coli elongationspecific peptidoglycan transpeptidase whose gene also lies in the Caulobacter mre operon, Fig. 1 A) forms a helical pattern that partially overlaps with that of MreC but not MreB. In the absence of either spiral, Pbp2 localizes to the division plane in a FtsZdependent manner. Finally, we develop a previously uncharacterized computational shape analysis method to quantitatively show that a FtsZ depletion can partially rescue the shape defect resulting from inactivation of MreB. We propose a model in which MreC and MreB form separate and independently localized spiral structures in Caulobacter that are both required for the proper localization of a transpeptidase and, thereby, the generation of a rod-like shape.
peptone-yeast extract (PYE)-rich media or M2G minimal media supplemented with the appropriate combination of antibiotics (26) . To induce from Pnit, cultures were grown for 6-16 h in M2GN media (substitutes 10 mM NaNO 3 for NH 4 Cl in standard M2G) (M. R. K. Alley, personal communication). To induce from Pxyl (27) , cells were grown in the presence of 0.03% xylose for 2-16 h. A22 was always used at a concentration of 10 g͞ml.
Details of the cloning strategies are provided in Supporting Text, which is published as supporting information on the PNAS web site. Each fusion construct was cloned into plasmids that cannot replicate in Caulobacter and then introduced separately into CB15N with conjugation or electroporation (26) . Phage transduction (⌽CR30) was used to move all constructs from CB15N into other backgrounds (26 Microscopy. Cells were immobilized on 1% agarose͞M2G pads (for wide-field imaging) or polylysine treated coverslips (for deconvolution). Wide-field imaging was performed with an Axioplan 2 microscope (Zeiss), equipped with phase-contrast and epifluorescence optics, coupled to a cooled charged-couple device camera (MicroMAX 512 BFT; Princeton Instruments). Cells were viewed with a ϫ100͞NA1.4 objective. Sixteen-bit images were acquired (and converted to eight bit) with METAMORPH software (Universal Imaging). Deconvolution microscopy was performed by using an Olympus IX70 microscope coupled to a Photometrics CoolSnap HQ camera. Cells were viewed with a ϫ100͞NA1.4 objective; image acquisition and deconvolution were conducted with SOFT-WORX software (Applied Precision). All images were processed in PHOTOSHOP (Adobe Systems, San Jose, CA), converting resolution to 300 dpi with a bicubic interpolation and adjusting levels and brightness͞contrast.
Quantitation of Shape with Principal Components Analysis (PCA).
See Supporting Text for a detailed description. In brief, a total of 1,071 bacterial cells were isolated with intensity thresholding, vertically aligned, oriented with respect to curvature, and converted into a signed distance map (30, 31) . The properly oriented signed distance map for each bacterium was then treated as a point in a 9,086-dimensional vector space. PCA was applied to the collection of these points, and the top three principal modes were selected. The difference in median shape (in terms of these three parameters) was calculated pairwise for all treatment groups. To determine statistical significance, we used a Monte Carlo approximation to Pitman's permutation test of two populations (32, 33) .
Results

MreC Is Helical in Caulobacter.
To determine its subcellular localization, a C-terminal fusion of MreC to mRFP1 was chromosomally integrated at the site of the inducible promoter, Pxyl (27) . The resulting strain (LS4272) carries an unlabeled copy of mreC at the endogenous locus and a xylose-inducible mRFP1-tagged copy at the Pxyl locus. MreC-mRFP1 is fully functional (see below) and represents the endogenous protein distribution, because immunofluorescence microscopy reveals a similar pattern (see companion article, ref. 34). MreC-mRFP1 localized to several puncta, alternating in a zig-zag fashion along the perimeter of the cell (Fig. 1B) , a distribution reminiscent of known helical proteins such as MreB. Using 3D deconvolution microscopy with an MreC-mCherry fusion (less prone to photobleaching than mRFP1; ref. 35) , it was possible to resolve a continuous helical pattern for MreC (Fig. 1C) . Given its predicted topology (19), we believe this spiral pattern for MreC lies primarily in the periplasm. MreC did not dramatically alter its localization pattern through the cell cycle, because all cells contained full-length spirals ( 1B). MreC was also detected in puncta in the stalk (arrowheads in Fig. 1B) .
MreC Does Not Colocalize with MreB. Caulobacter MreB has been reported to form a dynamic spiral that condenses into a ring at the division plane of early predivisional cells and then expands back into a full, longitudinal spiral before division (12, 13) . Because MreC also forms a spiral, we explored whether MreC and MreB colocalize in the cell. A yfp-mreB construct (yellow fluorescent protein, YFP) was inserted in a single copy on the chromosome at the site of the nitrate-inducible promoter (Pnit) of LS4272 (creating a strain, LS4279, that carries yfp-mreB and mreC-mrfp1 in addition to chromosomal copies of the unlabeled genes).
Surprisingly, the patterns for MreB and MreC did not overlap (Fig. 1D) : when both proteins formed spirals, they interdigitated; when MreB was in a ring, MreC was absent from this site (consistent with the gap observed at the division plane in LS4272, arrows in Fig.  1B ). Simultaneously labeling MreB with two different fluorescent markers (Pxyl::mcherry-mreB, Pnit::yfp-mreB, LS4282) resulted in considerable colocalization, indicating that the antilocalization seen between MreB and MreC is not an artifact of the imaging technique (Fig. 6 , which is published as supporting information on the PNAS web site). We also performed 3D deconvolution microscopy on a strain expressing both GFP-MreB and MreC-mCherry (LS4285) and, once again, observed nonoverlapping patterns (Fig. 1E) . To directly explore the dynamic nature of these two proteins in the same cell, we isolated a synchronized population of swarmer cells and imaged them over the course of a cell cycle (Movies 1 and 2, which is published as supporting information on the PNAS web site). At no time during the cell cycle were MreB and MreC found to significantly colocalize. Although it is possible that we were not able to resolve subtle or transient instances of colocalization, it is clear that the predominant localization sites for these proteins do not overlap.
MreC Is Essential and Required for Proper Cell Shape. Given the surprising result that Caulobacter MreC is localized to a helix distinct from that of MreB, we examined the null phenotype of mreC in Caulobacter. We were successful only in deleting mreC in the presence of a cosmid containing the mre operon, suggesting that mreC is essential. We then created a depletion strain (LS4275) containing a deletion of mreC at the endogenous locus and a plasmid-borne copy of mreC-mrfp1 under the Pxyl-inducible promoter. Growth of this strain depended on the presence of xylose in the media, confirming that mreC is essential.
Because the only copy of MreC was labeled with mRFP1, it was possible to use fluorescence microscopy on live cells to monitor the presence of MreC during a depletion. When grown in xylose, the strain exhibited a normal morphology (Fig. 2B ) and grew at rates similar to the wild type (data not shown), indicating that the mRFP1-tagged version of MreC is fully functional. When grown without xylose, the viability of the strain declined drastically after 12 h in rich media (Fig. 2 A) , and the cells became ''lemon-shaped'' with increased width but pointed poles (Fig. 2B ). This morphology is identical to cells depleted of MreB (12, 13) or treated with A22, a chemical inhibitor of MreB (23, 36) .
MreC and MreB Localize Independently of One Another. To investigate the possibility that the formation of the MreC spiral depends on the presence of MreB structures, we examined the localization of MreC-mRFP1 after perturbing MreB activity with the drug, A22. Because A22 rapidly and reversibly delocalizes MreB in Caulobacter (23), we believe it enables a more direct assay of MreB's effect on positioning MreC than a depletion of MreB, which gradually removes the protein over many cell cycles.
If MreB were required to establish an MreC spiral, MreCmRFP1 expressed in the presence of A22 would not be able to localize helically. Therefore, we added A22 to cells of LS4279 (Pxyl::mreC-mrfp1, Pnit::yfp-mreB) to disrupt MreB localization before inducing MreC-mRFP1 expression; expression of MreCmRFP1 was then induced for 6 h in the continued presence of A22. Although YFP-MreB was delocalized in these cells, MreC-mRFP1 that was synthesized in the presence of A22 still formed a spiral pattern (Fig. 2C) . This spiral pattern for MreC was also maintained if A22 was added to cells that were already expressing MreCmRFP1 (Fig. 7 , which is published as supporting information on the PNAS web site).
Because the spiral formation of MreC was found to be independent of MreB, we investigated the possibility that MreB localization depends on MreC. Accordingly, we examined LS4278 (⌬mreC, Pxyl::mreC-mrfp1, Pnit::yfp-mreB) after simultaneously depleting MreC and expressing YFP-MreB. In the absence of MreC, cells lost their proper shape, but helices and rings of YFP-MreB were still observed (Fig. 2D) . MreB remained dynamic in MreC-depleted cells, because YFP-MreB viewed over the course of a cell cycle still properly transitioned between spiral and ring states (Movie 3, which is published as supporting information on the PNAS web site). The polar localizations of two histidine kinases, PleC and DivJ, which have been shown to depend on the presence of MreB (13), were also correctly localized after MreC depletion (Fig. 2 E and F) . From these results, we conclude that MreB remains correctly localized, dynamic, and functional in the absence of MreC.
Pbp2 Forms a Spiral-like Pattern That Partially Colocalizes with MreC.
Another gene in the Caulobacter mre operon is pbp2 (also called mrdA; Fig. 1A ), a homolog of the E. coli elongation-specific transpeptidase (an enzyme that catalyzes peptidoglycan crosslinking). Like MreC, Pbp2 is predicted to lie primarily in the periplasm but possess a cytoplasmic N-terminal domain. Because mreB and mreC both affect cell shape and lie in the same operon with pbp2, we explored the possibility that MreB and MreC regulate morphology by acting on Pbp2. We fused GFP to the N terminus of Pbp2 and inserted the construct at the Pnit locus of the chromosome (LS4287, which also possesses unlabeled pbp2 at the endogenous locus). Expression of GFP-Pbp2 revealed a nonuniform distribution of puncta and bands (Fig. 3A) , reminiscent of the helical localization of MreB and MreC. The GFP-Pbp2 pattern closely resembles the Pbp2 distribution observed by using immunofluorescence microscopy (12) , indicating that the GFP fusion protein accurately represents Pbp2 localization. Like MreC, GFPPbp2 did not change its localization dramatically through the cell cycle, but it did appear to be excluded from the division plane of predivisional cells.
Given that both MreB and MreC are helical but antilocalized, we simultaneously labeled Pbp2 and either MreB or MreC. Using 3D deconvolution microscopy, we observed that GFP-Pbp2 often colocalized with MreC-mCherr y (LS4335, Pxyl::mreC-mcherry, Pnit::gfp-pbp2; Fig. 3B ) but avoided the sites of mCherry-MreB spirals and rings (in LS4289, Pxyl::mcherry-mreB, Pnit::gfp-pbp2; Fig. 3C ).
Pbp2 Mislocalizes to the Division Plane in the Absence of Either MreB
or MreC Structures. We explored the dependence of Pbp2's helical localization on MreC by using an MreC-depletion, and on MreB by using an A22-treatment. LS4288 (⌬mreC, Pxyl::mreC-mrfp1, Pnit::gfp-pbp2) was grown under conditions to express GFP-Pbp2 while depleting MreC-mRFP1 (M2GN lacking xylose) (Fig. 3D) . The same strain was treated with A22 in PYEϩxylose and then switched into M2GNϩxylose to induce GFP-Pbp2 in the presence of A22 for 6 h (Fig. 3E) . Surprisingly, both treatments had the same effect: GFP-Pbp2 mislocalized to a band at the incipient division plane of stalked and predivisional cells (arrows in Fig. 3 D and E) . Although some GFP-Pbp2 appeared in puncta in the cylindrical region of the cell, the division plane or midcell region appeared to be the dominant site of localization.
Interestingly, we believe it is specifically newly synthesized Pbp2 that is mislocalized. GFP-Pbp2 synthesized before A22-treatment did not rapidly relocalize (Fig. 8A , which is published as supporting information on the PNAS web site). In addition, if cells expressing GFP-Pbp2 received A22 and were then switched into media where GFP-Pbp2 was no longer expressed, the previously synthesized GFP-Pbp2 did not accumulate at midcell (Fig. 8B) . These results suggest that Pbp2 localization is regulated at the level of insertion and that established helical Pbp2 patterns can be stable in the absence of MreB. This finding may explain the observation that A22's effect on cell shape manifests much later than its effect on MreB localization (23) . Given the phenotypic similarity between an MreC depletion and an A22 treatment, we believe MreC also regulates sites of Pbp2 insertion; however, we were unable to test this hypothesis because of the length of time required to deplete MreC.
FtsZ Depletion Prevents A22-Induced Mislocalization of GFP-Pbp2.
The tubulin homolog, FtsZ, localizes to the incipient division plane before any other known protein and is required for the recruitment of all of the other proteins that are necessary for division (37) . It seemed possible, therefore, that the abnormal accumulation of GFP-Pbp2 at the division plane, observed in the absence of either MreC or MreB spirals, might also be FtsZ dependent. To explore this hypothesis, the Pnit::gfp-pbp2 construct was introduced into a FtsZ-depletion strain in which the expression of FtsZ is xylose dependent (28) . Because FtsZ is normally absent from swarmer cells (38) , a population of cells lacking FtsZ can be easily obtained by resuspending freshly isolated swarmer cells (of a FtsZ-depletion strain) in media lacking xylose.
A22 was added to a synchronized population of LS4290 (⌬ftsZ, Pxyl::ftsZ, Pnit::gfp-pbp2); the cells were then grown for 6 h in M2GN media containing either xylose (FtsZ ϩ ) or glucose (FtsZ Ϫ ). Remarkably, newly synthesized GFP-Pbp2 accumulated at the division plane in FtsZ ϩ cells but was able to localize helically in FtsZ Ϫ cells upon A22 treatment (Fig. 4) . Thus, the recruitment of Pbp2 to the division plane in the absence of MreB structures is FtsZ dependent. Additionally, this result shows that MreB is not required for helical Pbp2 localization when the cells are not dividing.
Quantitative Shape Analysis Demonstrates that a FtsZ Depletion also
Prevents A22-Induced Shape Defect. If the mislocalization of Pbp2 is part of the mechanism by which A22-treated cells lose their proper shape, we may expect that a FtsZ depletion, by preventing Pbp2 mislocalization, would also mitigate the cell shape defect induced by A22. However, the shape transformation observed upon A22 treatment is complex. Simple linear measurements (i.e., width or length) would not only be inadequate to capture this nonrigid deformation process but would also be difficult to make unambiguously on the crescent-shape Caulobacter cells. Thus, we sought a way to comprehensively represent cell shape such that quantitative differences between populations could be accurately determined.
We developed a method to identify the principal modes of shape variation in our data set and quantify each cell's position along those modes (30, 31) . We mathematically represent the shape of each cell by transforming its image into a ''signed distance map'' (which records the distance from every pixel in the image to the nearest shape edge). The signed distance map for every cell in the data set is plotted in a high-dimensional space; in this space, addition and scalar multiplication of shapes is well defined and meaningful (Fig.  9 , which is published as supporting information on the PNAS web site). We calculate the mean shape and use PCA to identify the major modes of variation. Each point in the high-dimensional space is then rerepresented in terms of its location along these major axes. In this way, the shape of a given cell can be quantified with only a few highly meaningful parameters that represent the complex shape variation present in the data.
We applied this PCA shape analysis to the cells of LS4290 grown under four different conditions: FtsZ ϩ , FtsZ Ϫ , FtsZ ϩ A22 ϩ , and FtsZ Ϫ A22 ϩ . For this experiment, swarmer cells of LS4290 were isolated and grown in M2GN with or without xylose (FtsZ ϩ and FtsZ Ϫ , respectively) and with or without A22. Imaging was performed after 6 h of growth, a time period that allowed the cells to begin a shape transformation but remain viable. Cells from all four classes were collected into a single data set for the PCA analysis. We selected the top three modes, which together accounted for Ͼ95% of the total variance.
Of the three parameters chosen for analysis, the primary mode (roughly describing length and width), encompassed the vast majority of the variation in the total data set (91.85%) and is gratifyingly consistent with the qualitative observations that have been made of FtsZ-depleted and A22-treated cells (Fig. 4) . When plotted along this axis, FtsZ-depleted cells fall toward the negative end (corresponding to long and narrow shapes), whereas A22-treated cells fall toward the positive end (corresponding to short and wide shapes) (Fig. 4) . Amazingly, the FtsZ Ϫ A22 ϩ distribution appeared closer to the non-A22-treated FtsZ ϩ (wild type) and FtsZ Ϫ (filamentous) distributions than that of FtsZ ϩ A22 ϩ , indicating that the absence of FtsZ impaired the ability of A22 to change cell shape (Fig. 4) . Interestingly, when plotted along either the second or third axis of variation, it was evident that the A22-treated cells (regardless of FtsZ content) were straighter than non-A22-treated cells, indicating a possible role for MreB in generating curvature (Fig. 10 , which is published as supporting information on the PNAS web site). To visualize how shape is described by the combination of these three parameters, we used the National Center for Supercomputing Applications PARTIVIEW viewer (39) to create a ''shape map'': in this representation, the actual bacterial shapes are plotted at the Euclidian point corresponding to its shape parameters (see Fig. 11 and Movies 4 and 5, which are published as supporting information on the PNAS web site).
We used all three significant PCA shape parameters to quantitate the differences in shape by first calculating the Euclidian distance separating the medians of the distributions in the threedimensional PCA space (see Materials and Methods). We then used Monte-Carlo permutation tests to determine which of the three test groups were closest to wild type (FtsZ ϩ ). Through this analysis, we were able to determine that the FtsZ Ϫ A22 ϩ class was significantly closer to wild type (FtsZ ϩ ) than was either FtsZ ϩ A22 ϩ (P Ͻ 0.0001) or FtsZ Ϫ (P ϭ 0.0294). Thus, we quantitatively conclude that a FtsZ depletion rescues the A22-induced shape defect. However, the rescue is only partial because the FtsZ Ϫ A22 ϩ group remained significantly different from wild type (FtsZ ϩ , P ϭ 0.0007).
Because the FtsZ depletion is able to rescue Pbp2 mislocalization and the cell shape defect of A22-treated cells, we conclude that a helical pattern of Pbp2 is critical to the generation of a rod-like shape and that MreB and MreC contribute to the maintenance of proper shape by regulating the localization of Pbp2.
Discussion
It has been shown that MreB forms a spiral in live bacterial cells (13, 15, 17, 18) , presumably due to its ability to polymerize into filaments (40). Spiral localizations have also been observed for other proteins that polymerize [such as FtsZ (41, 42) and MinD (15) ], proteins that cannot polymerize [such as Pbp2 (12) and SetB (43)], and even nonprotein molecules [such as LPS (44) and nascent peptidoglycan (14) ]. Here, we show that MreC appears as a spiral in the periplasmic compartment of Caulobacter cells. Although the spiral localization is not unprecedented, we were surprised to find that the MreC pattern is both nonoverlapping with and independent of MreB structures. It seems reasonable that MreB, much like actin in eukaryotic cells, could form a scaffold that directly positions other molecules, making the spiral localizations of nonpolymerizing molecules MreB dependent. This model cannot apply to MreC, however, because it maintains its spiral pattern in the absence of MreB spirals. The mechanism by which MreC localizes helically remains unclear. Even if MreB is not directly positioning MreC molecules into a helical configuration, however, the antilocalization we observe requires there to be some communication between the two. In addition to showing that spiral patterns can have distinct spatial distributions, our results show that they can exhibit different dynamic behaviors: MreB transitions between a spiral and a ring, whereas MreC remains in a longitudinal helix.
Although MreB and MreC form separate helices, both are required to correctly position the cell wall transpeptidase, Pbp2, into a lengthwise spiral pattern. The absence of either MreB or MreC spirals causes Pbp2 to mislocalize to a band at the division plane. This phenotype raises two important questions: First, why does Pbp2 localize to the division plane in the absence of these regulators, and second, how do MreB and MreC prevent this abnormal accumulation? In an attempt to address the first question, we must consider that the localization of transpeptidases (which are homologous to Caulobacter Pbp2) can be driven by the availability of their substrate (uncross-linked peptidoglycan) (45, 46) . The division plane of a dividing cell contains high concentrations of peptidoglycan precursors, as demonstrated with fluorescent vancomycin staining in B. subtilis (14) . These molecules are required to build the new cell wall at the division. Normally, they are substrates for the division-specific transpeptidase (Pbp3 in E. coli). It is possible, however, that the peptidoglycan precursors at the division plane could also be substrates for Pbp2 and, thereby, recruit Pbp2 into the division plane. The appearance of these peptidoglycan substrates at the division plane is known to require FtsZ (14) , so our observation that cells deprived of FtsZ never accumulate Pbp2 at the division plane is consistent with this model.
Given that we only see Pbp2 localize to the division plane under abnormal conditions (in the absence of MreB or MreC structures), it is possible that the accumulation of Pbp2 at this site could be detrimental to the cell. In support of this idea, we show that rescuing the mislocalization of Pbp2 (induced with A22) with a FtsZ depletion also partially rescues cell shape, indicating that an accumulation of Pbp2 at the division plane is likely to contribute to a deformation in shape. In this scenario, the cell would need an active mechanism for allowing the accumulation of peptidoglycan precursors at the division plane without recruiting Pbp2.
To answer the second question that is raised by the Pbp2 mislocalization result, how MreB and MreC regulate Pbp2 localization, we must consider where in the cell all three of these proteins are under wild-type conditions. MreB is present at the division plane in Caulobacter predivisional cells, but Pbp2 and MreC are excluded from this site. Additionally, Pbp2 partially colocalizes with MreC but not MreB. Given these observations, we propose that MreB inhibits the localization of Pbp2 at the division plane, whereas MreC promotes helical Pbp2 localization along the cell length. This model is supported by recent biochemical evidence demonstrating an interaction between MreC and Pbp2 (see companion article, ref. 34) . Surprisingly, neither mechanism is sufficient on its own to prevent accumulation of Pbp2 at the division plane: If the MreBring is missing, Pbp2 is presumably not pushed out of the division plane, and if the MreC-spiral is absent, Pbp2 is not pulled into the longitudinal helix. Because we observed that only newly synthesized Pbp2 is mislocalized in the absence of MreB structures, we believe its localization must be regulated at the level of insertion.
Our results suggest a model (Fig. 5) whereby Pbp2 can accumulate either in a longitudinal helix or a band at the division plane, each with distinct consequences for cell shape (rod vs. lemon). As stated above, MreB and MreC both promote a helical Pbp2 pattern, although through different mechanisms. FtsZ, by organizing the assembly of the division machinery, ends up neutral in this model: Although it triggers the accumulation of peptidoglycan substrates to attract Pbp2, it also triggers the formation of MreB-rings to inhibit Pbp2 accumulation at the division plane (12) . In conclusion, we have shown that the maintenance of proper morphology involves a complicated interplay between multiple dynamic spiral assemblies in both the cytoplasmic and periplasmic compartments of the cell.
